The class Sordariomycetes, which is the second largest class in the phylum Ascomycota, comprises highly diversified fungal groups, with relatively high substitution and evolutionary rates. In this preliminary study, divergence estimates of taxa of Xylariomycetidae are calculated using Ophiocordyceps fossil evidence and secondary data. The combination of fossil and secondary calibration can affect the divergence time estimates by pushing the ages towards the roots. The estimated divergence of Hypocreomycetidae, Lulworthiomycetidae and Xylariomycetidae occurred during the Early Mesozoic (201-252 Mya) and Diaporthomycetidae and Sordariomycetidae occurred later during the Late Mesozoic (145-252 Mya). Two characteristic divergence groups have evolved 168 and 147 Mya and probably provide additional evidence for continuation and species richness of the orders Amphisphaeriales and Xylariales. The early diversifications of the families in Xylariomycetidae have occurred during the Early Cretaceous (100-145 Mya).
Introduction
Species in Sordariomycetes are endophytes, pathogens and saprobes (Zhang et al. 2006) and are characterized by perithecial ascomata, paraphyses, periphysate ostioles and unitunicate asci (Kirk et al. 2001 (Kirk et al. , 2008 . The species of hyphomycetes and coelomycetes linked to the Sordariomycetes have significant diversity (Zhang et al. 2006) . Among the Ascomycota classes, Sordariomycetes shows a high substitution rate resulting from an acceleration of the speciation process over time, as compared to Dothideomycetes and Leotiomycetes (Wang et al. 2010) . Maharachchikumbura et al. (2016) estimated there were 1,331 genera in 105 families, 32 orders 
Fossil calibration
In this study, we selected Paleoophiocordyceps coccophagus Sung et al., a fossil from the class Sordariomycetes (Hypocreomycetidae, Hypocreales) for calibrating the tree. Sung et al. (2008) investigated a fossilized male scale (Albicoccidae) insect parasitized by P. coccophagus from the Late Mesozoic (Upper Albian) period in Burmese amber, which was from lignitic seams in sandstone-limestone. It is the oldest fossil evidence recorded for the fungal-animal parasitism (Sung et al. 2008) . Morphological characters of the fossil P. coccophagus are similar to the asexual characters of the extant Hirsutella and Hymenostilbe (Sung et al. 2008) . The genera Hirsutella and Hymenostilbe are treated as synonyms of Ophiocordyceps (Ophiocordycipitaceae, Hypocreales; Quandt et al. 2014) . The age of the fossil has been calculated around 99-105 Mya based on the geological timescale (Cruickshank & Ko 2003) . Based on the geological time scale of Walker et al. (2012) , the Albian period is demarcated as 100-113 Mya. In this study, the fossil data was used for the calibration of the crown node of the genus Ophiocordyceps (Exponential distribution, offset 100, mean 27.5, with 95% credibility interval of 182.4 Mya).
Secondary calibration
Several studies have been conducted to estimate the crown age of Sordariomycetes. According to recent studies, the estimated crown ages of the class Sordariomycetes are 256 Mya (202-306; Pérez-Ortega et al. 2016), 260 Mya (207-339; Beimforde et al. 2014) and 130 Mya (77-181; Prieto & Wedin 2013) . The divergence time of Sordariomycetes studied by Pérez-Ortega et al. (2016) is comparatively closer to Beimforde et al. (2014) . Generally, these two studies used similar fossil calibrations for the divergence time estimations (Beimforde et al. 2014 , Pérez-Ortega et al. 2016 . In this study, we used the mean crown age as 258 Mya (202-339) as the crown age for Sordariomycetes (normal distribution with the mean 258 and SD 35 with 95% credibility interval) of 315.6 Mya.
Molecular clock analysis
Bayesian analysis was implemented for estimation of divergence times using data from multi-gene loci and accommodating fossil and secondary calibration nodes. Two scenarios for the divergence time estimations were implemented for calibrating the tree; scenario 1 with a combination of fossil data and secondary data; scenario 2 with only secondary data. Analyses were performed using the BEAST v1.8.0. The XML file was obtained including the partitioned alignment using the BEAUti (BEAST package). The GTR (LSU, RPB2 -GTR+I+G) and TN93 (SSU -TrN+I+G) were used as models of substitution. BEAST analyses were run for 100,000,000 generations, logging parameters and trees were obtained for every 10,000 generations. Effective sample sizes (ESS) of parameters were checked using Tracer v.1.6 (ESS>200). A burn-in of first 30% trees was removed from each analysis based on the ESS values using Tracer v1.6 (Rambaut et al. 2013 ). The remaining trees were used to generate a maximum clade credibility tree by using Logcombiner v1.8.0 and TreeAnnotator v1.8.0. The resulting trees were viewed with FigTree v.1.4.0 (Rambaut 2006 ) and the final layout was done with CorelDRAW Graphics Suite X6.
Results

Topology of the Xylariomycetidae
The results from RAxML and Bayesian analyses using LSU, SSU and rpb2 sequence data are shown in Fig. 1 . The overall topology for the higher-level relationships is quite similar to those in previous phylogenetic analyses , Senanayake et al. 2015 . The subclasses Diaporthomycetidae, Hypocreomycetidae, Lulworthiomycetidae, Sordariomycetidae and Xylariomycetidae cluster in Sordariomycetes (100 ML/1 PP). Lulworthiomycetidae and Hypocreomycetidae are sister clades (52 ML) as basal to the sister clade comprising Diaporthomycetidae, Sordariomycetidae and Xylariomycetidae. Diaporthomycetidae and Sordariomycetidae are sister clades (81 ML/0.99 PP) as basal to Xylariomycetidae. The 22 families of Xylariomycetidae clustered together (73 ML/0.98 PP). The subclass Meliolomycetidae is, however, not included in this study.
The family Iodosphaeriaceae diverges as a basal clade from other families of Xylariomycetidae. Microdochiaceae and Coniocessiaceae are sister families (88 ML/1 PP), forming a basal clade to other families. The families Amphisphaeriaceae, Apiosporaceae, Bartaliniaceae, Beltraniaceae, Hyponectriaceae, Melogrammataceae, Oxydothidaceae, Pestalotiopsidaceae, Phlogicylindriaceae, Pseudomassariaceae, Robillardaceae, Sporocadaceae and Vialaeaceae (Clade I, possible Amphisphaeriales), cluster sister to the families Cainiaceae, Diatrypaceae, Lopadostomataceae, Requinellaceae and Xylariaceae ("Hypoxyloideae" and "Xylarioideae"; as Clade II, possibly Xylariales sensu stricto).
Divergence time estimations with a combination of fossil and secondary calibration
The comparable results (95% CI) from both scenarios 1 and 2 are listed in the Table 2 . The divergence times estimated using a combination of fossil and secondary data (Scenario 1) are older than the divergence times estimated using only secondary data (Scenario 2). According to the estimates in Scenario 1, the class Sordariomycetes diverged from Leotiomycetes during the Paleozoic, around 343 Mya Fig  2) . Divergence times of other families in Xylariomycetidae are shown in Fig. 2 . 
Discussion
Assigning calibration points
The Paleoophiocordyceps coccophagushas fossil appears to be similar to Hirsutella and Hymenostilbe species, which are now considered as the asexual morphs of Ophiocordyceps (Sung et al. 2008 , Quandt et al. 2014 ). This provides additional evidence for the fossil calibration in the molecular clock analyses. The internal node calibration emphasizes the relationships among taxa (Ho & Phillips 2009 ). The fossil representing Hypocreomycetidae might provide acceptable divergence time estimates for taxa within Sordariomycetes. The known divergence dates from fossils (Mitchell-Olds & Bergelson 2000) and the availability of acceptable external calibration points (Lücking et al. 2009 ), can be used to estimate the divergence times. However, a combination of geological and molecular information, with appropriate selection of methods, with more representative fossil data, can provide reasonable lower (lower boundary) divergence times, but rarely realistic upper boundary of divergence times (Guicking et al. 2006 , Eme et al. 2014 , Magallón et al. 2015 . The use of multiple calibration points can result in more comprehensive estimates than a single calibration point (Ho & Phillips 2009 ). Thus, the use of previous results as secondary calibrations (Beimforde et al. 2014 , Pérez-Ortega et al. 2016 , with an internal fossil, provides reasonable estimates; in addition, it avoids repetition of estimates. Hug & Roger (2007) suggested that the accumulation of the error in the original study might be a problem when using only secondary information.
The impact of calibrations
In most of the cases, the paleontological time estimations deviate from the molecular estimations (Hug & Roger 2007) . This can result from model selection, sequence data and the Table 2 . The yellow and red circles indicate the fossil (Scenario 1) and secondary (Scenarios 1 and 2) points respectively. Branches >0.9PP are in bold.
Fig. 2 -continued
calibration points (Hug & Roger 2007) . Our sequence data set comprise a large number of species of Xylariomycetidae and Hypocreomycetidae. However, Hug & Roger (2007) suggested that the taxon sampling of the data set is less important for the age estimation. In addition, the use of single fossil for the calibration leads to unpredictable results (Hug & Roger 2007) .
The estimated crown ages of Hypocreales are 167 Mya (Scenario 1) and 106 Mya (Scenario 2). Sung et al. (2008) estimated that the crown age of the Hypocreales as 193 Mya using the Paleoophiocordyceps coccophagushas fossil. Our results from Scenario 1 are similar to Sung et al. (2008) . In this study, the combination of fossil and estimated mean divergence times as secondary information (Scenario 1) resulted in older divergence times, as compared to the secondary information alone (Scenario 2). In the first scenario, the fossil calibration might push the divergence times towards the bases. In the second scenario, there is no effect from terminal nodes to the bases. Because of the uncertainty of the estimated divergence times when using only secondary data for the calibration (Hug & Roger 2007) and the earlier divergence times of extant species, the results from Scenario 1 are considered more accurate and are discussed further.
Evolution of major groups
The divergences of the subclasses in Sordariomycetes are discussed in this section based on the combined calibrations in Scenario 1 (see Table 2 and Fig. 2) . The major clades are wellsupported in both phylogenies and the divergence times, largely overlapping with previous studies (Beimforde et al. 2014 , Pérez-Ortega et al. 2016 . The Paleozoic divergence of Leotiomycetes and Sordariomycetes in our study (347 Mya) , is similar to those in recent studies (317 Mya in Pérez-Ortega et al. 2016 and 309 Mya in Beimforde et al. 2014) . Prieto & Wedin (2013) however gave a younger estimated age for the split between Leotiomycetes and Sordariomycetes at 247 Mya, during the Early Mesozoic. The Devonian to Late Paleozoic (290-380 Mya, Lücking et al. 2009 ), Permian 256 Mya (202-306, Pérez-Ortega et al. 2016 ) and 260 Mya (207-339, Beimforde et al. 2014 and Early Mesozoic 229 Mya (Gueidan et al. 2011 ) divergences of Sordariomycetes crown, have been reported in several studies. We also provide a reasonable age estimate for Sordariomycetes crown at 308 Mya, during the Late Paleozoic. Beimforde et al. (2014) suggested that the divergences of classes in Pezizomycotina started during the Ordovician (444-485 Mya). The classes Dothideomycetes and Sordariomycetes comprise a highly-diversified group, with saprobic, pathogenic, endophytic, epiphytic, fungicolous, lichenized or lichenicolous life styles, and are found in terrestrial, freshwater and marine habitats (Hyde et al. 2013 , Jones et al. 2015 , Maharachchikumbura et al. 2016 . During the Paleozoic (252-541 Mya), it is thought that highly diversified plant-fungal interactions played a crucial role as the back bone of the ecosystem (Selosse et al. 2015) . The divergence of Dothideomycetes crown group (290 Mya) occurred before Sordariomycetes (256 Mya) and the former class has a higher species richness (Pérez-Ortega et al. 2016) . The high species richness in the Dothideomycetes might be a result of its early divergence or that species were better adapted to a range of environments. However, the relationship between early divergence and the species richness is still unclear (Magallón et al. 2015) .
The phylogenies and divergent time tree provides support for five subclasses of Sordariomycetes. The subclasses Lulworthiomycetidae, Hypocreomycetidae, and Xylariomycetidae appear to have originated during the Early Mesozoic (201-252 Mya), while Sordariomycetidae and Diaporthomycetidae originated during the Middle of Mesozoic (145-201 Mya). The subclass Meliolomycetidae was not included in this study. The Late Paleozoic-Early Mesozoic mass extinction event is thought to have occurred around 251 Mya, and therefore it has been postulated that fungal species might have rapidly dominated terrestrial ecosystems during this time (Anon 2014 , Eshet et al. 1995 , Schubert & Bottjer 1995 , or only shallow marine deposits (Wignall 1996) , where dead biomass provided abundant organic matter for saprobes (Eschet et al. 1995) . Lulworthiomycetidae (all aquatic and mostly marine), Hypocreomycetidae (mostly terrestrial, and insect fungi) and Xylariomycetidae (mostly terrestrial wood degraders) are mostly saprobes (Kirk et al. 2008 , Boonyuen et al. 2011 , Senanayake et al. 2015 . Beimforde et al. (2014) suggested that ecological diversification of a few Ascomycota in each lineage might have protected them from mass extinction. Many species in Xylariomycetidae have large stromata and are saprobes, but there are also many microfungal representatives (Daranagama et al. 2016a ).
Phylogeny of Xylariomycetidae
In the phylogenies, there is lack of statistical support for the two main clusters within Xylariomycetidae in both maximum likelihood and Bayesian analysis when using LSU, SSU and rpb2 sequence data. These two main clades were used as evidence for the orders Amphisphaeriales and Xylariales as morphologically they can clearly be separated (Senanayake et al. 2015) . Because of the poor phylogenetic support, Amphisphaeriales was placed under Xylariales in Jaklitsch et al. (2016) and Maharachchikumbura et al. (2016) . There orders however, have different divergence estimates (147 Mya in Amphisphaeriales, versus 168 Mya in Xylariales Mya (Fig. 3) in the maximum clade credibility (MCC) tree and provides evidence for at least two distinct orders. The order Amphisphaeriales comprises Amphisphaeriaceae, Apiosporaceae, Bartaliniaceae, Beltraniaceae, Hyponectriaceae, Melogrammataceae, Oxydothidaceae, Pestalotiopsidaceae, Phlogicylindriaceae, Pseudomassariaceae, Robillardaceae, Sporocadaceae and Vialaeaceae, while Xylariales comprises Cainiaceae, Coniocessiaceae, Diatrypaceae, "Hypoxyloideae", Lopadostomataceae, Microdochiaceae, Requinellaceae and "Xylarioideae The divergence of Amphisphaeriales and Xylariales are similar to the common divergence trend of most of the fungal orders reported in Samarakoon et al. (2016) at 66-252 Mya. Therefore, we recommend that based on the additional evidence provided here (Fig. 2) , that the order Amphisphaeriales should be retained as a well-supported order. Iodosphaeriaceae is basal to all families in Amphisphaeriales and Xylariales and diverged 235 Mya. The evidence in the divergence tree (Fig. 2 ) therefore suggests that this family evolved early on in the subclass and may require its own order status. The life style (probably endophytic and then saprobic on leaves), morphology with unusual hairy, superficial ascomata (Hilber & Hilber 2002 ) and distinct phylogeny (Fig. 2 ) support this. Some other families in Amphisphaeriales and Xylariales also clustered as distinct groups. For example, Diatrype and Lopadostoma in Xylariales and Oxydothis and Vialaeaceae in Amphisphaeriales can be considered. However, the divergence estimates at 95 Mya for the split of Diatrype and Lopadostoma and 83 Mya for the split of Oxydothis and Vialaea may be too recent to warrant order status.
Most families in Xylariomycetidae originated during the Mesozoic (from 100 Mya); however, the exact crown ages are unclear due to limitations in available sequence data. Within the family Xylariaceae, there are two major clades represented by "Xylarioideae" and "Hypoxyloideae" with different stem ages (144 Mya and 127 Mya respectively). This provides additional evidence for the introduction of "Hypoxyloideae" as a new family. The phylogenetic relationships within Xylariomycetidae need further refining following the arrangements of Senanayake et al. (2015) and Maharachchikumbura et al. (2015 Maharachchikumbura et al. ( , 2016 . However, the lack of sequence data in most of the groups and several unresolved lineages within Xylariomycetidae that need to be explored (Daranagama et al. 2016a ) with the combination of the phylogeny, paleobiology and ecology.
Conclusion
This is a preliminary study, for the application of divergence times on unresolved taxon groups. During the Late Paleozoic, the class Sordariomycetes became highly diversified, splitting into at least five subclasses during the Early Mesozoic and the Middle of Mesozoic. The wide range of nutritional modes and habitats in Sordariomycetes might have been advantageous for the survival and rapid domination in terrestrial, marine and freshwater habitats, even after the mass extinction that occurred during the Late Paleozoic-Early Mesozoic. The divergence age differences in the clusters of taxa in Xylariomycetidae, indicate that they diverged into numerous families of mostly saprobic taxa starting from Late Mesozoic (100 Mya).
